The phagocyte NADPH oxidase catalyzes the reduction of O 2 to reactive oxygen species with microbicidal activity. It is composed of two membrane-spanning subunits, gp91-phox and p22-phox (encoded by CYBB and CYBA, respectively), and three cytoplasmic subunits, p40-phox, p47-phox, and p67-phox (encoded by NCF4, NCF1, and NCF2, respectively). Mutations in any of these genes can result in chronic granulomatous disease, a primary immunodeficiency characterized by recurrent infections. Using evolutionary mapping, we determined that episodes of adaptive natural selection have shaped the extracellular portion of gp91-phox during the evolution of mammals, which suggests that this region may have a function in host-pathogen interactions. On the basis of a resequencing analysis of approximately 35 kb of CYBB, CYBA, NCF2, and NCF4 in 102 ethnically diverse individuals (24 of African ancestry, 31 of European ancestry, 24 of Asian/ Oceanians, and 23 US Hispanics), we show that the pattern of CYBA diversity is compatible with balancing natural selection, perhaps mediated by catalase-positive pathogens. NCF2 in Asian populations shows a pattern of diversity characterized by a differentiated haplotype structure. Our study provides insight into the role of pathogen-driven natural selection in an innate immune pathway and sheds light on the role of CYBA in endothelial, nonphagocytic NADPH oxidases, which are relevant in the pathogenesis of cardiovascular and other complex diseases.
Introduction
The phagocyte NADPH oxidase, also known as the "respiratory burst oxidase," is an enzymatic complex that plays a critical role in innate immunity. Phagocyte NADPH oxidase catalyzes the reduction of oxygen to O À 2 , generating reactive oxygen species (ROS) that are key components of phagocytic microbicidal activity (Heyworth et al. 2003) . Phagocyte NADPH oxidase includes two membrane-spanning polypeptide subunits, gp91-phox and p22-phox (encoded by CYBB and CYBA, respectively), and a set of cytoplasmic polypeptide subunits, p40-phox, p47-phox, and p67-phox, as well as a GTPase, either Rac1 or Rac2 (encoded by NCF4, NCF1, NCF2, and RAC1 or RAC2, respectively). Upon induction, the cytoplasmic subunits bind the transmembrane components and activate the enzymatic complex, producing ROS ( fig. 1 ; Sumimoto et al. 2005) . Mutations in CYBB, CYBA, NCF1, NCF2, or NCF4 can result in chronic granulomatous disease (CGD), a primary immunodeficiency. Most CGD patients have no measurable respiratory burst, and in less than 5% of patients, low levels of ROS production are noted (Heyworth et al. 2003) . Approximately 70% of CGD cases are X-linked, owing to mutations in CYBB (Heyworth et al. 2003) , and there is a high degree of allelic heterogeneity in X-linked as well as in autosomal forms of CGD, except for cases due to NCF1 mutations (see the Immunodeficiency Mutations Database: http://bioinf.uta.fi/base_root/muta tion_databases_list.php, last accessed July 16, 2013). NCF1 resides in a complex region of chromosome 7q11, and most CGD mutations result from gene conversion of the wild-type gene to one of several neighboring, highly paralogous pseudogenes (Chanock et al. 2000) .
Several studies in animal models and in vitro have confirmed the long-standing clinical observation that the NADPH oxidase is critical for defense against catalase-positive bacteria and fungi (Buckley 2004) . Association studies have suggested a role for common genetic variants in CGD genes as susceptibility alleles for tuberculosis and malaria (Bustamante Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution 2013. This work is written by US Government employees and is in the public domain in the US. et al. 2011), as well as for immune related diseases such as Crohn's disease and lupus, as identified in genome-wide association studies (GWAS) in European populations (Rioux et al. 2007; Roberts et al. 2008; Jacob et al. 2012) . Besides the phagocyte NADPH oxidase, other NADPH oxidases with different functions are expressed in a variety of nonphagocytic cells, including the endothelium, and have been implicated in cardiovascular and renal disease. Although p22-phox (encoded by CYBA) is a protein component shared by several of these NADPH oxidases (also called Nox), other more specific protein subunits are encoded by different Nox genes homologous to the genes coding for the phagocytic subunits (Sumimoto et al. 2005; San José et al. 2008) . Although these nonphagocytic NADPH oxidases normally produce less O À 2 , even small imbalances in ROS levels may cause tissue damage due to oxidative stress, which is correlated with the pathogenesis of gout, chronic obstructive pulmonary disease, rheumatoid arthritis, and cardiovascular diseases (Brandes and Kreuzer 2005) . Therefore, variants in NADPH oxidase genes may have pleiotropic effects across a spectrum of disorders (Santiago et al. 2012) .
Despite the involvement of the NADPH oxidase in a range of clinically relevant phenotypes, our knowledge of the sequence diversity of NADPH genes mostly derives from CGD patients. Although targeted SNP genotyping has been performed in the context of association studies for CYBA (Bedard et al. 2009 ) and NCF4 (Olsson et al. 2007) , none of the large-scale resequencing efforts, such as Seattle SNPs (http://pga.gs.washington.edu/, last accessed July 16, 2013), Innate Immunity PGA (http://www.pharmgat.org/IIPGA2/ index_html, last accessed July 16, 2013), and the CornellCelera initiative , have included the NADPH oxidase genes, and the coverage of these genes for the current release of the 1000 Genomes Project remains low for most of the studied individuals (1000 Genomes Project Consortium et al. 2012; average coverage and their standard deviations on May 2013 are CYBB: 4.0 ± 2.2, CYBA: 3.5 ± 2.0, NCF2: 4.9 ± 2.7, and NCF4: 4.9 ± 2.7). Although GWAS have identified common variants that contribute to complex phenotypes, a component of missing heritability of common diseases due to rare variants that are detectable only by resequencing is emerging. In this study, we analyzed the pattern of sequence diversity of four of the NADPH genes (CYBB, CYBA, NCF2, and NCF4) between mammalian species and in human populations by resequencing these genes in 102 ethnically diverse individuals. We interpreted our results in terms of evolutionary histories, by addressing the action of natural selection and focusing on two temporal scales: mammalian evolution and recent human evolution. We excluded NCF1 from our study because its high homology with its pseudogenes prevents reliable sequencing in individual samples (Chanock et al. 2000) . Several studies have shown the importance of natural selection on the evolution of immunity genes at both the interspecific ) and population levels (Ferrer-Admetlla et al. 2008; Barreiro et al. 2009; Barreiro and Quintana-Murci 2010) . By definition, variants under natural selection are associated with different reproductive efficiencies (fitness) of their carriers and contribute to phenotype variability; therefore, they may be biomedically relevant by influencing the susceptibility to rare or common diseases. The goals of this study are as follows: 1) to determine whether the pattern of diversity of human phagocyte NADPH genes reflects the action of different types of natural selection, 2) to elucidate the evolutionary dynamics of NADPH genes at the temporal scales of mammals and humans, and 3) to understand the biomedical implications of this evolutionary process in human populations.
Results

Molecular Evolution of NADPH Genes along Mammalian Phylogeny
We examined signatures of natural selection across the coding regions of NADPH genes by analyzing sequences from the complete genomes of 29 mammals listed in the Entrez and Ensembl databases (Lindblad-Toh et al. 2011 , one sequence for each species, see supplementary material, Supplementary Material online for details) and comparing the amount of nonsynonymous and synonymous substitutions . When comparing a set of homologous sequences from different species, most of the observed differences are fixed; that is, the differences are monomorphic within a species because enough time has passed for the observed variant to appear, increase its frequency and reach a frequency of 1 (Kimura 1974) . We compared the number of fixed synonymous substitutions (dS, assumed to be neutral) and fixed nonsynonymous substitutions (dN, for which we test the hypothesis of natural selection) between species using the parameter ! = dN/dS, which is informative of the action of natural selection at the inter-specific level (Yang 2007a) . Under neutral evolution of nonsynonymous substitutions, these substitutions fix at the same rate as synonymous substitutions, and therefore dN & dS and ! & 1. If nonsynonymous substitutions tend to be deleterious, purifying selection maintains the substitutions at low frequencies and prevents fixation at the same rate as synonymous substitutions, resulting in dN < dS and ! < 1. On the other hand, if episodes of positive natural selection (that raise the frequency of beneficial variants) are frequent, nonsynonymous substitutions increase in frequency and fix more rapidly than neutral synonymous substitutions, thus, dN > dS and ! > 1. We used the maximum likelihood framework developed by Yang (2007a) to estimate ! for the NADPH oxidase genes under a variety of evolutionary models, as implemented in the PAML software (Yang 2007b ). This approach allows inferences about the evolution of a coding region along an interspecific phylogeny and maps the codons that have evolved under strong/ weak purifying selection, neutrality, or adaptive positive selection (see supplementary material, Supplementary Material online for details).
In general, PAML evolutionary models that allow a combination of purifying selection and neutrality are reasonably realistic. These models are nested with respect to models that also incorporate positive selection at the cost of adding new parameters. We evaluated the improvements in the goodness of fit of the data using the latter model with respect to the former models by applying a likelihood ratio test (LRT). After fitting the data to the most appropriate evolutionary model, Naive Empirical Bayes (NEB) or Bayes Empirical Bayes (BEB) approaches were used to infer the ! parameter for each codon.
For the 29 species of mammals considered, we filtered based on quality control (supplementary table S1, Supplementary Material online) and analyzed 570 codons of CYBB in 26 species, 198 codons of CYBA in 16 species, 526 codons of NCF2 in 23 species, and 339 codons of NCF4 in 20 species (see supplementary material, Supplementary Material online for further details including the species and sequences used for the analyses, the parameter estimations for the different models and the LRT results). Here, we only present the results of model M3 of Yang (2007a) with three (K = 3) classes of ! ( fig. 2 ). This model allows for different ! classes, including the possibility of positive selection, and is a reasonable way of presenting the results for the four genes under the same model. Moreover, in all cases, the data fit better with model M3 than the nested and simpler M0 or M2 models presented by Yang (2007a) .
The results of this analysis for CYBB, CYBA, NCF2, and NCF4 are presented in figure 2, which shows the type of natural selection (i.e., based on the estimated !) for each codon that most likely predominated during mammalian evolution. For this temporal scale, CYBA, NCF2, and NCF4 coding regions have evolved driven by a combination of different levels of purifying natural selection. Overall, the average and standard deviation values for these genes are ! NCF2 = 0.256 ± 0.227, ! NCF4 = 0.126 ± 0.140, and ! CYBA = 0.109 ± 0.116.
Our most striking result is for CYBB, which presents a wide spectrum of mutations that account for >70% of CGD patients. Although we would predict that purifying selection on genes involved in Mendelian diseases (Blekhman et al. 2008) would yield similar results for CYBB and other NADPH components, we observed a different pattern. In general, CYBB is a conserved gene, but 6% of its codons show evidence of positive natural selection (supplementary table S2, Supplementary Material online; fig. 2 ). In a genome-wide survey performed by Kosiol et al. (2008) , they have reported CYBB as a gene showing a signal of positive natural selection. More importantly, by evolutionary mapping, we show here for the first time that most of these positive selection events map to the small extracellular portion of this protein ( fig. 3 ). The proximity of these inferred episodes of positive natural selection to glycosylation sites in gp91 is noteworthy considering the importance of the glycome in immunity (Marth and Grewal 2008) .
Population Genetics of NADPH Genes
We sequenced CYBB, CYBA, NCF2, and NCF4 in a publicly available panel that includes 24 individuals of African ancestry, 31 Europeans, 24 Asian/Oceanians, and 23 admixed Latin Americans (i.e., Hispanics). This panel is a suboptimal representation of the worldwide population, a limitation that is common to most human genomic diversity projects focused on SNP genotyping or resequencing efforts. However, based on how human genetic diversity is apportioned within (>85%) and between (<15%) populations (Lewontin 1972 ; 1000 Genomes Project Consortium 2010), even studies using suboptimal sampling are informative about the genetic structure of human populations and serve to critically identify the role of evolutionary factors in human genetic diversity (Kimura 1974; Nielsen et al. 2005 ; 1000 Genomes Project Consortium 2010). All the raw results are available as supplementary material, Supplementary Material online, and at the SNP500Cancer project homepage (http://variantgps.nci.nih. gov/cgfseq/pages/snp500.do, last accessed July 16, 2013) or can be downloaded from the DIVERGENOME platform (Magalhães et al. 2012 , http://www.pggenetica.icb.ufmg.br/ divergenome/, last accessed July 16, 2013).
To ascertain which combination of evolutionary factors has shaped the diversity of NADPH genes, we assessed the pattern of nonsynonymous and synonymous polymorphisms, as well as intra-and interpopulation diversity for NADPH genes, and tested the null hypothesis of neutrality: that patterns of diversity may be explained by considering only the demographic history of human populations and the mutation and recombination rates of each locus.
Nonsynonymous polymorphisms are underrepresented in the human genome and usually occur at low frequencies when present, reflecting the action of purifying natural selection (1000 Genomes Project Consortium 2010). By resequencing, Tarazona-Santos et al. (2008) did not observe common nonsynonymous polymorphisms for CYBB. This result is consistent with purifying natural selection acting on X-chromosome genes due to the exposure of deleterious recessive mutations to natural selection in hemizygous males. Thus, substitutions in the coding region of CYBB should be rare in human populations and are seldom captured by studies with small sample sizes. Interestingly, the lack of CYBB nonsynonymous polymorphisms in our sample of human populations contrasts with the recurrent episodes of positive selection of the extracellular portion of gp91 during 2159 Evolutionary Dynamics of Human NADPH Oxidase Genes . doi:10.1093/molbev/mst119 MBE mammalian evolution, as inferred in this study. For the autosomal NADPH oxidase components (table 1 and haplotype tables online, Supplementary Material online), we observe in this study two rare and conservative nonsynonymous substitutions (i.e., involving amino acids with similar chemical properties, T85N and A304E) in NCF4. But for NCF2 and CYBA, we observed patterns of nonsynonymous substitutions that seldom occur in human genes. NCF2 has nine nonsynonymous substitutions; three of them are common (with a frequency higher than 5% in at least one of the studied population samples), and six are rare. On the other hand, two nonsynonymous substitutions in CYBA are common and ubiquitous in human populations, namely Y72H (rs4673) and V174A (rs1049254, in a position where variation among mammalian species is also observed). Moreover, the following two of the five common amino acid changes observed in the autosomal NADPH genes are predicted to be possibly damaging (i.e., radical) by the Polyphen resource (Ramensky et al. 2002) ; the two changes are R395W in Hispanic NCF2 (rs13306575) and Y72H (rs4673) in CYBA. In general, Polyphen accurately predicts the effect of nonsynonymous substitutions based on biochemical and evolutionary data . Notably, the Immunodeficiency Mutations Database (http://bioinf.uta.fi/NCF2base/?content =pub/IDbases, last accessed July 16, 2013) reports one 395W/395W autosomal recessive CGD patient, but we and the HapMap project (www.hapmap.org, last accessed July 16, 2013) observed the W allele at frequencies between 5% and 10% in Asians and admixed Latin Americans, including one supposedly healthy 395W/395W Japanese HapMap individual. On the basis of these results, we verified whether Native Americans, who descend from an ancestral Pleistocene Asian populations that peopled the Americas by the Behring Straits more than 14,000 years ago, may have relatively higher frequencies of this variant. We genotyped the variant 395W using a Taqman assay in 558 Native Americans (see supplementary table S3, Supplementary Material online, for detailed results) and observed an allele frequency of 1.2%, being this variant always present in heterozygous individuals.
For the four studied genes, the diversity and levels of recombination are higher in Africans than in non-Africans (table 2 and haplotype tables available as supplementary files, Supplementary Material online). This result is a consequence of the African origin of modern humans and the "out of Africa" migration that occurred 40,000-80,000 years ago after a bottleneck, leading to the peopling of other continents (Campbell and Tishkoff 2008; Laval et al. 2010) . Therefore, the first divergence between continental human populations was between Africans and ancestral non-Africans. Consistently with this scenario, we observed the highest between-population differentiation for CYBB, CYBA, and NCF4 between these two groups. Interestingly, NCF2 does not match this pattern (table 3) . (2007a) with three classes of sites. Given our data, this model is more likely than alternative models of evolution that assume simpler scenarios, such as a unique ! for the entire gene (see supplementary material, Supplementary Material online for details regarding methods and results using alternative models). The three classes correspond to different types and levels of natural selection, from strong purifying selection (in the lightest gray) to positive selection (! > 1). For each codon, the probability of belonging to each of the three classes of ! corresponds to the height of the corresponding color in the vertical bar. For example, codon 173 of CYBB (indicated by a white arrow) has a 0.000 probability of belonging to the ! = 0.0095 class (light gray, a class corresponding to strong purifying selection), a 0.169 probability of belonging to the ! = 0.3085 class (dark gray), and a 0.831 probability of belonging to the ! = 1.8987 class (black, a class that suggests positive selection). In this case, reasonable evidence of positive selection on this codon exists.
FIG. 3.
Natural selection mapping across CYBB (encoding gp91) along mammalian evolution, as identified using the PAML method by Yang (2007a) 
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From the four studied genes, NCF4, which encodes the regulatory protein p40-phox, shows a pattern of diversity that is typical for a gene that has evolved under neutrality. In addition to the features described in the previous paragraph, the allelic spectra of NCF4 in the studied populations are consistent with a neutral model of evolution (tables 2-4).
Although CYBB presented the most interesting evolutionary history at the interspecific level, with repeated episodes of positive natural selection, recent human evolutionary history has resulted in interesting patterns of variation for CYBA and NCF2. CYBA encodes p22-phox, which is a transmembrane protein shared by different NADPH oxidases. In addition to harboring two common, nonsynonymous polymorphisms (V174A is also variable among different species of mammals), CYBA is the most variable and most affected by recombination among the NADPH oxidase genes (tables 1 and 2). In particular, CYBA diversity is very high in Europe: compared with 329 genes resequenced in a European sample (http:// pga.gs.washington.edu/summary_stats.html, last accessed July 16, 2013), CYBA ranks 11th (i.e., the 97th percentile). Moreover, there are contrasting proportions of the total number of polymorphisms/number of singletons between Africans (a low proportion) and Europeans (a high proportion), the latter showing an excess of common polymorphisms with respect to the neutral expectation (see the D FL  test in table 4 and supplementary table S4 , Supplementary Material online). This excess of common variants in Europeans is also significant when we conservatively tested it against a scenario of human evolution that incorporates the "Out of Africa" bottleneck (Laval et al. 2010 ) and the observed level of recombination in Europeans ( CYBA = 8.07 for the sequenced region). Because demographic forces and recombination levels alone do not explain the high CYBA diversity and its excess of common polymorphisms, we suggest that balancing natural selection (that acts by maintaining different alleles at high frequency in a population) has contributed to shape the diversity of CYBA, at least in the European population. Indeed, figure 4a shows that the haplotype network of CYBA for the European population is consistent with the action of balancing natural selection (Bamshad and Wooding 2003) , showing two well-differentiated common clades that explain the observed high diversity and the excess of common CYBA variants. A comparative genomic analysis confirms this inference; the ratio of polymorphisms to differences fixed between human and chimpanzee is not homogeneous along the gene in the different human populations (Mc Donald 1998; supplementary table S5, Supplementary Material online) as would be expected under neutral evolution. Our inference of balancing natural selection is consistent with the fact that 25-30% of the variation in levels of ROS production can be attributed to genetic factors (Lacy et al. 2000) and that ROS levels are associated with CYBA variants (Bedard et al. 2009 ).
p67, encoded by NCF2, is a necessary cytosolic NADPH component for phagocyte ROS production. Asians show a highly differentiated NCF2 haplotype structure (see frequencies of haplotypes NCF2-D11 and NCF2-E10 in the haplotype tables online and in the network shown in fig. 4b ), and the highest F ST values are observed in pairwise comparisons between Asians and non-Asian populations (in particular with Europeans, table 3), and not between Africans and nonAfrican populations, as is usually observed in the human genome. We confirmed these results by analyzing data for NCF2 from the HapMap Project (supplementary material, Supplementary Material online). Moreover, a trend toward an excess of rare polymorphisms exists in Asians that is not observed elsewhere (tables 1, 2, and 4; D FL = À1.904, F FL = À1.893). Although we cannot exclude that this pattern of diversity is compatible with the null hypotheses of neutrality and with the tested demographic history of human populations inferred by Laval et al. (2010, tables 2-4) , we can speculate and envisage four additional evolutionary scenarios 
Polyphen Prediction
A f r i c a n E u r o p e a n A s i a n H i s p a n i c that may have contributed to shape the pattern of NCF2 diversity in Asians: 1) the observed trend is suggestive of a selective sweep on NCF2 standing variation: a neutral or weakly deleterious existing variant becomes beneficial and rapidly increases in frequency (together with its associated haplotypes, i.e., incomplete sweep), reducing the nucleotide diversity in the surrounding region and rendering other standing substitutions rare. During this process, new rare substitutions appear in the expanding positively selected haplotype.
2) The pattern of diversity of NCF2 in Asia may result from an incomplete selective sweep acting on ARPC5, which is located approximately 35 kb downstream of NCF2. In a genome-wide scan for recent positive selection, Voight et al. (2006) identified a strong signature of an incomplete sweep for ARPC5 in Asia (P = 0.009), characterized by a higher than expected longrange linkage disequilibrium summarized by very high iHS statistics (see Haplotter results for the HapMap II data at http://haplotter.uchicago.edu/, last accessed July 16, 2013). SNPs in NCF2 also presents high iHS statistics (P = 0.02), although values are lower than for ARPC5.
3) The differentiated pattern of diversity of NCF2 in Asia may also have been generated without the action of natural selection during the first colonization of Asia by modern humans. In a process of geographic population expansion, specifically in the front wave of the expansion, some rare alleles/haplotypes (i.e., surfing alleles) may become common by chance, mimicking the pattern of diversity generated by a selective sweep (Excoffier and Ray 2008) . 4) The excess of rare variants may be an artifact of pooling individuals from different populations (Ptak and Przeworski 2002) . Consistent with evolutionary scenarios 1-4 that produce similar patterns of diversity, the haplotype network of NCF2 for Eurasians ( fig. 4b ) shows the following: 1) a large differentiation between Asians and Europeans that is compatible with the high observed F ST values and 2) a starlike shape associated with the haplotype NCF2-E10 that is common in Asia and rare elsewhere, which is compatible with the excess of rare alleles in the Asian populations.
Discussion
By analyzing 29 mammalian genomes and four human populations, we show in this study that natural selection has acted in different ways over time to shape the pattern of diversity of the phagocyte NADPH oxidase genes. At the temporal scale of the evolution of mammals, we have inferred recurrent episodes of positive selection acting on the extracellular portion of gp-91 that have been important to shape the pattern of interspecific diversity of this gene. Our interspecific analyses did not show a similar pattern of natural selection in any of the other phagocyte NADPH oxidase genes. Even if current knowledge on the biology of NADPH does not allow us to interpret our results in terms of function, we propose that the extracellular region of gp-91 is functionally relevant. Our results also imply that this region is highly differentiated among mammals at the protein level, and this variability should be considered when mammals models are used to study the structure and function of phagocyte NADPH components.
In the time scale of human evolution, our analyses of the NADPH oxidase genes suggest that CYBA has been a target of balancing natural selection. Because we do not have evidence of population-specific variants that faced selective pressure, the inferred natural selection may have acted on a standing variation in ancestral populations. This implies that the selective pressure began after the appearance of the variant and, possibly, acted in a specific geographic region (Barret and Schluter 2008). The signatures of natural selection acting on a new mutation and on standing variation differ. In the case of selective sweeps, episodes of natural selection on standing variation are associated to a larger variance in the allelic spectrum with respect to natural selection on a new mutation. Also, selection on standing variation may produce an excess of alleles at intermediate frequencies that is not associated with high nucleotide diversity (Przeworski et al. 2005; Peter et al. 2012 ). This pattern contrasts with the effect of balancing 
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Evolutionary Dynamics of Human NADPH Oxidase Genes . doi:10.1093/molbev/mst119 MBE natural selection, which produces an excess of common alleles associated with high genetic diversity. Thus, the observed pattern of CYBA diversity in Europeans is not consistent with a selective sweep on a standing variation, but it is consistent with a scenario of balancing selection acting on standing variation. If we consider for CYBA that heterozygote advantage may be the mechanisms of balancing selection, we can speculate that the biological basis for this mechanism may be the following: considering that p22-phox is not exclusive of the phagocyte NADPH oxidase, but it is also part of Nox complexes expressed in other tissues, the dependence of ROS production on CYBA variants has to be finely regulated. If CYBA variants induce high levels of ROS, these variants may favor a phagocyte-dependent efficient response to pathogens but may damage other endothelial tissues. Alternatively, tissue oxidative damage does not occur if ROS production is low, but this response may be associated with a weaker phagocyte respiratory burst against pathogens. In this context, heterozygote individuals with a CYBA-dependent intermediate level of ROS production may have been favored by natural selection.
Our results contribute to the discussion regarding the relevance of balancing selection in shaping the diversity of innate immunity genes (Ferrer-Admetlla et al. 2008; Barreiro et al. 2009 ). Ferrer-Admetlla et al. (2008 have associated the recurrent signatures of balancing selection on inflammatory genes with the need for fine regulation. CYBA is the only phagocytic NADPH oxidase gene that also encodes nonphagocyte Nox components; thus, CYBA has a role in ROS cell signaling, a potentially dangerous process due to its capability to produce oxidative damage to tissues. Genes with these characteristics likely need even tighter regulation. The interplay between pathogen-driven selective pressure on innate immunity genes and their concomitant nonimmunological functions is complex. In addition to CYBA, other interesting examples of this interplay can be found among the 10 human toll-like receptors (TLRs) that show a variety of signatures of natural selection, TLR8, which shows the strongest signature of purifying selection, is also involved in neuronal development (Barreiro et al. 2009) , and it is difficult to discriminate the role of each function in determining the observed signature of natural selection.
With few exceptions, the pathogens responsible for natural selection on immune genes are difficult to specify. In the case of NADPH oxidase, we can infer, based on the spectrum of infections in CGD patients, that catalase-positive bacteria and fungi, such as Staphylococci, Salmonella, Candida, Aspergillus, and M. tuberculosis, may be the selective pathogens. Interactions between the host and pathogens also include mechanisms of the latter to impair the respiratory burst of the former. For example, Leishmania donovani blocks the assembly of NADPH oxidase at the phagosome membrane (Lodge et al. 2006) . These mechanisms may constitute selective pressures imposed by pathogens.
The associations reported in GWAS between rs4821544 in NCF4 and Crohn's disease (an idiopathic inflammatory bowel disease that predominantly involves the ileum and colon, Rioux et al. 2007 ) and between rs10911363 in NCF2 and systemic lupus erythematosus (Cunninghame Graham et al. 2011 ) confirm the involvement of NADPH genes in the pathogenesis of inflammatory-related common diseases. Our claim that natural selection acted on CYBA (and maybe in NCF2) is relevant for biomedical studies because combining evidence of natural selection with association analyses in immune genes increases the statistical power to detect disease-associated variants (Ayodo et al. 2007) . As a new generation of association studies focusing on rare variation is emerging, the combination of genes deemed interesting from GWAS and populations with an excess of rare variants in these genes, such as NCF2 in Asians, are particularly interesting as a source of rare variants with clinical relevance. Finally, by determining through molecular evolution mapping that the extracellular portion of gp91 (encoded by CYBB in the X-chromosome) has been subject to recurrent episodes of positive selection at the scale of mammals evolution, we posit the hypothesis that this portion of the NADPH oxidase is relevant for currently unknown biological processes that, once revealed by structural and functional investigations, will contribute to understanding the role of NADPH oxidase in infectious, autoimmune, and cardiovascular diseases.
Materials and Methods
Molecular Evolution Analysis of NADPH Genes
We used the maximum likelihood framework developed by Yang (2007a) to estimate ! for the NADPH oxidase genes under a variety of evolutionary models, as implemented in the PAML software (Yang 2007b) . This approach allows inferences about the evolution of a coding region along an inter-specific phylogeny, mapping the codons that have evolved under strong/weak purifying selection, neutrality, or adaptive positive selection. Further details about these analyses are available as supplementary material, Supplementary Material online.
Human Population Genetics of NADPH Genes
For human population genetics analyses, we conducted bidirectional Sanger sequencing of CYBB, CYBA, NCF2, and NCF4 for a total of 35,242 bp for each of 102 healthy individuals as part of the SNP500 Cancer project (Packer et al. 2006 Thompson (1992) test, which was implemented in the software Arlequin 3.0 (Excoffier et al. 2007 ). Insertion-deletions (INDELs) were excluded from population genetics analyses.
To assess intrapopulation diversity, we used two statistics: , the per-site mean number of pairwise differences between sequences (Tajima 1983) , and w , based on the number of segregating sites (S) (Watterson 1975) . We measured pairwise between-populations diversity by using the F ST statistics calculated using the software DnaSP (Rozas 2009 ).
Haplotypes and the recombination parameter were inferred using the PHASE software (Stephens and Scheet 2005) , and diversity indexes calculations (tables 2 and 3) as well as neutrality statistics (table 4) were estimated using DnaSP software. We applied two kinds of neutrality tests: 1) tests based on the allelic spectrum, which is the distribution of polymorphisms across different classes of frequencies, namely, Tajima's D T (Tajima 1989 ) and Fu-Li's D FL and F FL (Fu and Li 1993) and 2) tests based on comparisons between the number of polymorphisms in human populations and fixed differences with the chimpanzee (i.e., outgroup), namely, the McDonald and Kreitman (1991) test and the adapted Kolmogorov-Smirnoff test by McDonald (1998) . For the first set of tests, we used as null hypotheses both the classic Wright-Fisher model of neutrality with a constant population size, as well as the more realistic evolutionary scenario for human populations inferred by Laval et al. (2010) . In the case of the scenario of Laval et al. (2010) , we ignored intercontinental gene flow within the Old World because these rare gene flow events likely does not affect the level of significance of the neutrality tests given its very low inferred values (1.3 Â 10
À5
). Null distributions used to test the significance of the neutrality tests under these evolutionary scenarios were generated using coalescent simulations and a significance level of 0.05 (Hudson 2002) . The Kolmogorov-Smirnoff test of neutrality adapted by McDonald (1998) was performed using Slider software available at http://udel.edu/~mcdo nald/aboutdnaslider.html (last accessed July 16, 2013). We performed coalescent simulations using ms software (Hudson 2002) . Further methodological details are available as supplementary material, Supplementary Material online. We constructed the CYBA and NCF2 networks using all SNP variants and applying the Median joining algorithm and the maximum parsimony option calculations as implemented in the software Network 4.6 (Bandelt et al. 1999 ).
Supplementary Material
Supplementary tables S1-S5 and figure S1 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
